Fiber enhanced resonance Raman spectroscopy (FERS) is introduced for chemically selective and ultrasensitive analysis of the biomolecules hematin, hemoglobin, biliverdin, and bilirubin. The abilities for analyzing whole intact, oxygenated erythrocytes are proven, demonstrating the potential for the diagnosis of red blood cell related diseases, such as different types of anemia and hemolytic disorders. The optical fiber enables an efficient light-guiding within a miniaturized sample volume of only a few micro-liters and provides a tremendously improved analytical sensitivity (LODs of 0.5 µM for bilirubin and 0.13 µM for biliverdin with proposed improvements down to the pico-molar range). FERS is a less invasive method than the standard ones and could be a new analytical method for monitoring neonatal jaundice, allowing a precise control of the unconjugated serum bilirubin levels, and therefore, providing a better prognosis for newborns. The potential for sensing very low concentrations of the bile pigments may also open up new opportunities for cancer research. The abilities of FERS as a diagnostic tool are explored for the elucidation of jaundice with different etiologies including the rare, not yet well understood diseases manifested in green jaundice. This is demonstrated by quantifying clinically relevant concentrations of bilirubin and biliverdin simultaneously in the micro-molar range: for the case of hyperbilirubinemia due to malignancy, infectious hepatitis, cirrhosis or stenosis of the common bile duct (1 µM biliverdin together with 50 µM bilirubin) and for hyperbiliverdinemia (25 µM biliverdin and 75 µM bilirubin). FERS has high potential as an ultrasensitive analytical technique for a wide range of biomolecules and in various life-science applications.
Introduction
Heme chromophores are iron protoporphyrin IX complexes and fulfil essential roles in several regulating processes in biological systems. They serve for instance as catalytically active centers of different important cytochrome enzymes, which have important functions in biochemical processes, among others in the brain, 1 and represent the prosthetic group of hemoglobin, the transporter of respiratory gases (O 2 , CO 2 , CO) in erythrocytes. 2 Therefore, monitoring of the oxygenation state of the red blood cells can be very helpful for the differential diagnosis of different types of anemia and hemolytic disorders. Heme and hemozoin are also key drug-targets in blood disorders and diseases, such as malaria. 3 In the blood recycling process, the aged red blood cells are degraded into their components, heme and globin. The heme group is enzymatically converted to biliverdin (BV) and bilirubin (BR), 4 which can be eliminated via bile after biotransformation (conjugation) in the liver (Fig. 1 ). When the activity of one of the participating enzymes is defect or totally absent, this detoxification process is perturbed and several diseases might occur.
5
An increased level of bilirubin above normal, so called hyperbilirubinemia, is shown to be toxic and in most cases manifests in jaundice, 6 a yellow tint of the skin and sclera. The and even low elevations of the bilirubin level can manifest in an increased incidence of neurological abnormalities or decreased development of intellectual performance later in life. 10 Early discharged babies may only present jaundice at extremely high serum bilirubin concentrations.
11
For ensuring a better prognosis, an earlier diagnosis of mild hyperbilirubinemia is needed, before the manifestation of jaundice. Thus, an extremely sensitive method is required for rapid monitoring of the serum bilirubin level. This technique should also be minimally invasive and require only minimal blood sample volume for quantification.
Moreover, an elevation of the bilirubin serum level from 17 µM up to 340 µM (ref. 10) was also observed in the inheritable disorders Gilbert 5c and Crigler-Najjar syndrome. Therefore, the detection of these elevations could be very helpful as an early diagnostic indicator before genetical investigations. Hyperbiliverdinemia, defined as elevated level of biliverdin above the normal range, is another type of jaundice, so called green jaundice. 12 Normal biliverdin levels in serum are reported as 0.9-6.5 µM and strongly correlate to the total bilirubin concentration, 13 whereas green jaundice manifests in a rise of the serum level of bilirubin above 25 µM together with an elevation of biliverdin level above 75 µM. 13 This symptom occurs in several syndromes and diseases. 13, 14 The serum biliverdin concentration is found by patients diagnosed with malignancy, infectious hepatitis, cirrhosis or stenosis of the common bile duct jaundice to be in the range from one to ten percentage of the total bilirubin level. 14b On the other hand, the absence of hyperbiliverdinemia is an indication against the diagnosis of jaundice due to neoplastic obstruction. 12 Thus, being able to simultaneously quantify slight elevations of bilirubin and biliverdin levels would be tremendously helpful for the diagnosis of the cause of jaundice. Additionally, in the past two decades, medical scientists have discovered beneficial properties of the bile pigments. They play an important role as anti-oxidative 15 and anti-mutagenic agents 16 at slightly elevated biliverdin level of 15 µM.
16b
Also an HIV-protease inhibiting activity above the concentration of 10 µM is assigned to the bile pigments. 17 At the concentration of 25 µM, bilirubin induces apoptosis significantly in human gastric adenocarcinoma cell lines 18 and also in colon cancer cells. 19 The presence of 15 µM biliverdin successfully inhibits the mutations in mammalian cell systems.
20
These beneficial properties of the bile pigments are also reflected in clinical studies. An increase of the bilirubin level by 1.7 µM is correlated with 8% reduction of the incidence rate of lung cancer and with 6% reduction of the rate of chronic obstructive pulmonary disease. Therefore, the simultaneous detection of minor concentration changes (micro-molar and lower concentrations) of biliverdin and bilirubin is urgently needed for the earlier diagnosis and monitoring of diseases, such as malignancy, infectious hepatitis, cirrhosis, and stenosis of the common bile duct jaundice as well as for neonatal jaundice, and also for the elucidation of important processes in cancer research.
Several methods have been developed for the analysis of bilirubin in clinical samples. The most commonly used ones are the diazo reaction 21 and the direct spectrophotometry.
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These techniques are highly dependent on the pH-value or have interference with other heme containing proteins, and both are very time-consuming. Therefore, there is a need of extremely sensitive method for rapid monitoring the serum bilirubin level. In the last few decades the trend goes to other analytical methods like photochemical 23 or electrochemical sensors 24 and chromatography 25 which are used for the detection of bilirubin in human serum. Since there are no investigations of the biliverdin and bilirubin level in terms of the analysis of jaundice and other diseases via fiber enhanced Raman spectroscopy (FERS), this paper should demonstrate the potential of this technique as a tool for sensitive and chemical selective analysis of these two bile pigments together in clinically relevant concentrations. The advantage here is the minimally invasiveness and the need of minimal sample volumes for their simultaneous quantification. None of the other methods incorporate these characteristics altogether. In Fig. 1 Scheme of the metabolism of hemoglobin by various enzymes. The first step is the denaturation of hemoglobin tetramer by phagocytes to heme IX and globin chains. In the reticular connective tissue, the heme chromophore is enzymatically oxidized by heme oxygenase in presence of oxygen to the green bile pigment biliverdin IX. Due to the effect of the enzyme biliverdin reductase this pigment is reduced to its orange degradation product, bilirubin IX.
fiber enhanced Raman spectroscopy, the signal intensity is significantly increased by exciting and collecting the Raman signal of the liquid sample along an extended path length within the fiber hollow core with remarkable efficiency. Excellent results have been achieved in the analysis of low concentrated analytes in aqueous solutions.
26

Materials and methods
Sample preparation
Hemin (chloroferriprotoporphyrin IX, ≥98.0%), human lyophilized hemoglobin, bilirubin (95%), biliverdin-hydrochloride (97%), and phosphate buffered saline were purchased from Sigma-Aldrich and used without further purification (Fig. 2 ). An ultra-clear water feed system from SG Water GmbH was employed to produce ultrapure deionized water (conductivity lower than 0.056 µS cm −1 ). Hematin solutions ( pH 7) were prepared by dissolving hemin in 0.1 M NaOH and then diluted with deionized water to various concentrations. Hemoglobin, bilirubin and biliverdin were buffered at pH 7.4 in all concentrations. Erythrocytes were separated from human blood. The human blood was centrifuged at 3000 rpm for 10 min. Then the upper part of the solution was removed from the tube, and phosphate buffered saline (PBS: 10 mM PO 4 3− , 137 mM NaCl, 1.8 mM KH 2 PO 4 , and 2.7 mM KCl) was refilled into the tube. This procedure was repeated three times. Then the erythrocytes were diluted 1 : 199 with PBS ( pH 7.4). All samples were kept in the dark at 4°C until use.
Fiber enhanced Raman spectroscopy
Raman spectra were obtained with a LabRam HR system with excitation wavelengths λ = 532 nm (I laser = 10 mW at the sample), λ = 413 nm (I laser = 7 mW at the sample), λ = 752 nm (I laser = 350 mW at the sample) and λ = 364 nm (I laser = 3.5 mW at the sample). A 10× objective lens (Olympus) and a 15× objective lens (OFR) were used for the measurements in the visible and UV ranges, respectively. The optical hollow core fiber had a length of 40 cm, an inner diameter of 168 μm and an internal volume of 9 µL. In order to keep a stable optical coupling situation for quantitative and reproducible Raman sensing, a custom-made fiber adapter which provides an optical window for laser coupling into the fiber was also developed 27 ( Fig. 3) . In order to avoid photo-degradation of the absorbing analytes during the measurements, the samples were kept streaming at 40 µL s −1 flow rate with the help of a syringe pump. Thus, the velocity of liquids in the fiber was about 1.8 m s −1 and the samples passed through the laser focus within a short time and were not damaged by the laser radiation. All spectra were taken with 120 s exposure time, and the performance of FERS was compared with conventional cuvette measurements with identical experimental parameters (cuvette volume 200 µL). The Raman spectra of the solutions contained a background signal contributed by the solvent. In order to achieve reproducibility for precise quantification, the measured Raman spectra were normalized to the Raman band of the solvent water at 1645 cm −1 and/or the band of the phosphate buffer at approximately 990 cm −1 . As the analyte concentrations were extremely low, the quantity of the solvent could be considered as constant in all solutions. Thus, the Raman peak of water and/or the signal of the buffer was utilized as an internal standard 27, 28 to cancel out all random factors (fluctuations in laser intensity and optical coupling, etc.) and to improve the quantitative detection ability. The signal-to-noise ratio (SNR) was calculated from the height of the Lorenzian fit of the target peaks and the root-mean-square (RMS) values of The simplified heme structure represents the chromophoric unit of hemoglobin. The applied laser excitation wavelengths λ exc. = 364 nm, λ exc. = 413 nm, λ exc. = 532 nm, and λ exc. = 752 nm are depicted as vertical dashed lines. These selected excitation wavelengths can be carefully tuned into the electronic absorption bands of the individual chromophores and strong resonance Raman enhancements can be achieved for the vibrational modes that are coupled to these electronic transitions.
the baseline. The lowest detectable concentrations were derived when the SNR was equal to three.
Estimating the potential of FERS for ultrasensitive analysis
The attenuation that is introduced by the samples and the fiber were thoroughly discussed. 27 The back scattered Raman intensity in an absorbing liquid core fiber can be expressed as following:
In this equation, A′ represents the efficiency of the instrument, I 0 the laser intensity, σ(υ) the Raman scattering cross section, c the analyte concentration, μ sl (λ) and μ sr (λ) the effective scattering loss coefficients that account for waveguide imperfections at the laser and the Raman wavelengths, while ε l (λ) and ε r (λ) account for the analyte extinction coefficients at the wavelengths of the laser and the Raman scattered radiation. 27 Eqn (1) can be simplified to a function (2) of concentration with the parameters A, B, C and the constants L d and L p .
Eqn (2) was applied for non-linear fitting of the experimentally derived data.
Vibrational assignment of Raman marker bands with help of density functional theory calculation
In order to give an assignment and interpretation of the Raman marker bands that were utilized for the detection of bilirubin and biliverdin, a thorough calculation of the molecular structures, vibrational modes, and Raman activities was performed with help of density functional theory calculations with Gaussian 09. 29 Hybrid exchange correlation functionals were applied with Becke's three-parameter exchange functional 30 (B3) as slightly modified by Stephens et al. 31 coupled
with the correlation part of the functional from Lee, Yang, and Parr (B3LYP) 32 and Dunnings triple (cc-pVTZ) correlation consistent basis sets 33 of contracted Gaussian functions with polarized and diffuse functions. 34 The solvent water was simulated with the polarizable continuum model (PCM). The comparison of the calculated Raman spectra with the FT-Raman spectra of bilirubin and biliverdin is shown in the ESI (Fig. S1 †) .
Results and discussion
Raman spectroscopy is a chemically selective, non-invasive technique 35 that has evolved as an extremely powerful analytical tool for studying the structural properties of biomolecules 36 and their interaction with pharmaceuticals. 37 Because of the weak inelastic Raman scattering, various elaborated enhancement techniques have been developed, such as resonance Raman spectroscopy (RRS) and fiber enhanced Raman spectroscopy (FERS). In order to study these enhancements thoroughly, several laser excitation wavelengths have been chosen. The wavelengths λ = 413 nm and λ = 364 nm match the strong Soret band 38 of hematin and the electronic absorption bands of biliverdin and bilirubin, respectively (Fig. 2) . Therefore, a strong signal enhancement of vibrational modes that are coupled to these electronic transitions is expected in resonance Raman spectroscopy. 3a By exciting and collecting the Raman signals of the analytes within the hollow cores of elaborated optical fibers, a strong signal enhancement can be achieved.
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Fiber enhanced Raman spectroscopy of hematin, hemoglobin, and whole erythrocytes First, the ability of fiber enhanced resonance Raman spectroscopy as an analytical tool for the highly sensitive quantification of heme was studied thoroughly. The laser excitation wavelength λ = 532 nm (Fig. 2) was applied for analyzing the enhancement provided by the fiber guiding. The strong peak of hematin in the Raman spectrum at 1626 cm −1 , which is assigned to the vibrational mode ν 10 , 3a,d was detected with identical laser power and spectrometer setting in a series of concentration in conventional cuvette measurements and in fiber enhanced Raman sensing. The intensities of this Raman peak were analyzed for quantification of the limit-of-detection (LOD, 3× noise std.) of hematin as 36 µM and 3.6 µM, for conventional and fiber measurement respectively (Table 1 ). In order to exploit an additional resonance Raman enhancement, the excitation wavelength λ = 413 nm was applied, which matches the strong electronic absorption of hematin (Fig. 2B) . The molecular vibration at 1373 cm −1 , which is assigned to the totally symmetric mode ν 4 , 3a,d,e was strongly enhanced with this wavelength. Thus a significantly improved LOD of only 0.1 µM was achieved with fiber enhanced resonance Raman spectroscopy and only 0.9 pmol sample was needed ( Table 1 ). The spectra of hematin showed an excellent linearity between the Raman signal intensity and the analyte concentration, thus providing a reproducible quantification method. With help of this calibration, one can now measure the Raman signal of an unknown sample and quantify the actual hematin concentration.
In the next step, a more complex structure, hemoglobin was analyzed. Conventional and enhanced Raman spectra of hemoglobin were recorded respectively. The Raman band at 1373 cm −1 of hemoglobin, which was assigned to mode ν 4 of the heme group, 36e was significantly enhanced in the fiber enhanced resonance Raman spectra. This Raman peak is also a very interesting marker band for monitoring the hemoglobin oxidation state, 36e,40 which provides additional information about the oxygenation of the monitored blood, and supports a differential diagnosis. The spectroscopic analysis shows that the LODs of heme were improved from 10.7 µM for conventional measurements with λ = 532 nm excitation down to 0.25 µM in fiber enhanced resonance Raman sensing. An excellent linearity was achieved for reliable quantification of hemoglobin (Fig. 4A) . Fiber enhanced Raman sensing provided a higher sensitivity, which is seen in the steeper slope of the linear fits ( Fig. 4A and B compared to Fig. 4C and D) . Thus, FERS is capable of measuring very low hematin and hemoglobin concentrations that are not detectable anymore with conventional Raman measurements.
In order to prove the potential of FERS for investigating complex biological samples, also whole, intact erythrocytes were analyzed. Photodegradation of the red blood cells was very well avoided due to continuous analyte flow and the short time in the laser focus. Raman spectra of intact, oxygenated erythrocytes were nicely recorded with FERS (Fig. 5) . In the resonance Raman spectra of the erythrocytes with λ = 413 nm excitation (Fig. 5A) , the strongest Raman peak at 1376 cm −1 corresponds to the vibrational mode ν 4 . This vibrational mode was not as strong in the Raman spectra excited with λ = 532 nm (Fig. 5B) , in very good agreement to the pure hemoglobin spectra. Thus, fiber enhanced resonance Raman spectroscopy showed promising compatibility with delicate biological cells, such as intact oxygenated erythrocytes and has great potential for medical diagnosis of red blood cell related diseases, for example different types of anemia and hemolytic disorders.
Quantification and monitoring of the degradation products biliverdin and bilirubin and demonstration of the potential of FERS as diagnostic tool
The heme prostetic groups of hemoglobin in the erythrocytes are enzymatically degraded into biliverdin which is further reduced to bilirubin. These two molecules are found as the major metabolites of the porphyrine ring. As bilirubin is a quite reactive molecule, it is normally detoxified by glucuronidisation in the liver and then eliminated via bile. Still, in many diseases an elevated serum level of unconjugated bilirubin and/or biliverdin can be observed. 6,11-13,14b,41 The bile pigments, biliverdin and bilirubin, cause extremely strong fluorescence signals with most excitation wavelengths in the ultraviolet and visible range and therefore Raman sensing was very challenging (data not shown). A thorough examination elucidated that the fluorescence signal was not obvious with excitation wavelength λ = 364 nm. Strong resonance enhancements can be achieved with this wavelength for bilirubin (Fig. 2C) and biliverdin (Fig. 2D ) and the Raman bands around at 1615 cm −1 can be exploited as marker peaks for ultrasensitive analysis of biliverdin and bilirubin, respectively. The Raman spectra were strongly enhanced by applying FERS (Fig. 6A and B) and LODs of 0.13 µM and 0.5 µM were achieved for biliverdin and for bilirubin, respectively (Table 1) . A good linearity between the Raman signal intensity and the Table 1 Comparison of the improvement in the quantification of hematin, hemoglobin, biliverdin, and bilirubin in the cases of conventional (Conv.) and fiber enhanced Raman spectroscopy (FERS). The intensities of the chosen laser wavelengths were different (I λ=413 nm = 7 mW, I λ=532 nm = 10 mW, and I λ=364 nm = 3.5 mW) and all values were scaled to 7 mW (I λ=413 nm ) for better comparison. The amount of substance for each method was derived from the limit-of-detection (LOD) and the required sample volume concentration was obtained, proving the potential of FERS as an analytical tool for the diagnosis of different types of diseases manifested in jaundice. 6, 12 Especially the rare, not yet well understood diseases manifested in hyperbiliverdinemia 12,13,14b need a novel tool for simultaneous sensing of very low amounts biliverdin, reported as 0. 9-6.5 µM (ref. 13) and in the range from 1-10% of the total bilirubin value. Thus, first a two component solution, consisting of 1 µM biliverdin and 50 µM bilirubin was analyzed in order to simulate typical concentrations of patients presenting hyperbilirubinemia. 13 The Raman spectra of biliverdin and bilirubin share most of the strong peaks with excitation λ = 364 nm due to the similarity in their molecular structure ( Fig. 2C and D) . However, some Raman bands in the wavenumber range between 1220 cm −1 and 1300 cm −1 are different and can be decomposed ( Fig. 6E-G) . Bilirubin contains a peak in the Raman spectrum at 1272 cm −1 , which is assigned to a combination of CC-stretching vibration in one pyrrole unit as well as CH-, CH 3 -, and OH-wagging and scissoring vibrations (Fig. 7A) . The Raman band of biliverdin at 1282 cm −1 can be assigned to a combined vibration which is distributed across the whole molecule and consists of strong CC-and CN-stretching vibrations in several pyrrole units as well as CH-, CH 2 -, and OH-wagging and scissoring vibrations (Fig. 7B ). The height of the peak at 1272 cm −1 in the pure Raman spectrum of a 100 µM solution of bilirubin (Fig. 6E ) was quantified to 2423 counts (arbitrary units) and the height of the peak at 1282 cm −1 in the pure Raman spectrum of a 1 µM solution of biliverdin ( Fig. 6F ) was quantified to 1177 counts (arbitrary units). By deconvolution of the Raman spectrum of the two component solution (1 µM biliverdin and 50 µM bilirubin, Fig. 6G ), the peak heights of the 1272 cm −1 and 1282 cm bands were quantified to 1367 ± 198 and 1126 ± 212 counts (arbitrary units), respectively. Therefore, the measured concentrations were 0.9(6) ± 0.2 µM for biliverdin and 56 ± 8 µM for bilirubin. These results nicely demonstrate that FERS can be applied in the analysis of hyperbilirubinemia to quantify con- centrations of biliverdin at 1 µM alongside concentrations of bilirubin at 50 µM. For higher biliverdin concentrations of patients presenting hyperbiliverdinemia, 13 also non-resonant FERS at λ exc. = 752 nm (Fig. 2 ) can be applied in order to analyze a two component solution which contains 25 µM bilirubin and 75 µM biliverdin, as present in the case of green jaundice. 13 The individual solutions of 25 µM bilirubin (Fig. 8A ) and 75 µM biliverdin (Fig. 8B) were thoroughly analyzed and the Raman peaks at 1253 cm −1 (bilirubin) and 1243 cm −1 (biliverdin) were identified as suitable marker bands, in order to distinguish both bile pigments. The molecular vibration of bilirubin at 1253 cm −1 is assigned to CH-, NH-, and OH-bending vibrations (Fig. 7C) . The Raman band of biliverdin at 1243 cm −1 consists of CH, NH, and OH-bending vibrations (Fig. 7D) . By deconvolution of the Raman spectrum of the two component mixture (Fig. 8C) , the peak heights of the 1253 cm −1 and 1243 cm −1 bands in the spectrum of the mixture were quantified to 2516 ± 94 and 26 135 ± 863 counts (arbitrary units), respectively. Thus the concentrations were calculated to be 24.1 ± 1.8 µM for bilirubin and 77.2 ± 5.0 µM for biliverdin in very good agreement to the theoretical values. Hence, FERS is also a powerful technique for the analysis of the concentrations of bile pigments which appear in case of hyperbiliverdinemia.
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Potential of FERS for ultrasensitive analysis of heme and bile pigments
Finally, the potential of FERS was estimated considering further improvements for ultrasensitive analysis of heme and the bile pigments. The original height of the hematin peak at 1373 cm −1 was analyzed alongside the non-linear fitting based Fig. 6 The fiber enhanced and conventional Raman detection of aqueous solutions of bilirubin (A and C) as well as biliverdin (B and D) was compared with λ exc. = 364 nm. A lower limit of detection was achieved by FERS. The resonance Raman spectra of the chemically similar chromophores can be distinguished within the wavenumber range between 1220 and 1300 cm −1 as shown in comparison of the Raman spectra of bilirubin (E), biliverdin (F) and a mixture of 1 µM biliverdin and 50 µM bilirubin (G). Both chromophores can be quantified simultaneously in a mixture of both substances. The whole Raman spectra are given in the ESI (Fig. S2 †) .
Paper Analyst on eqn (2) . The peak intensities fit very well to the theoretical prediction (A = 27.6 ± 7.36 arb. unit; B = 0.00416 ± 0.00062 μM −1 mm −1 ; C = 0.115 ± 0.046 mm −1 ). The extinction coefficient of the liquid sample, which was derived as parameter B in the fitting function, is also very close to that adapted from absorption spectrum:
The original peak height of bilirubin had the same trend. The non-linear fitting based on eqn (2) The function of the Raman intensity I R (υ,c) is defined by five factors: 27 A, B, C, L d , and L p . Factor A expresses the intensity of the excitation laser and the overall performance of the optical coupling and sensing. Factor B is defined by the optical property of the sample and becomes larger when stronger absorbing samples are utilized. Parameter C is depending on the wave-guiding quality of the fiber. In case of ultra-lowconcentration sensing, the value of x is extremely small and the influence of parameters B and L d is minimized as they appear together with the analyte concentration. Thus, in further work it will be worth to develop fiber systems with better parameter C and larger L p , or in other words, liquid-core fibers with superior guiding property and sufficient length. Based on eqn (2), with improved parameters A = 20 000 arb. unit, B = 0.00416 μM −1 mm −1 , C = 0.0005 mm −1 , Fig. 7 Assignment of the vibrational modes of bilirubin (BR) and biliverdin (BV) that were used as Raman marker bands for sensing these molecules (see Fig. 6 . The Raman bands originate from combined stretching and bending modes across the molecules. L p = 4000 mm, L d = 1 mm, one can predict an improved LOD of hematin of 1.3 pM. The accordingly predicted LODs of bilirubin and biliverdin are 66 pM and 1.6 pM, respectively. Hence, FERS is a promising technique for rapid monitoring of slight variations of the bilirubin level at extremely low sample demand, which would be of utmost importance for an early diagnosis of mild hyperbilirubinemia in neonates [7] [8] [9] [10] [11] and the Gilbert 5c and Crigler-Najjar syndrome 5d as well as in cancer research 16a,20 and to elucidate the role of the bile pigments in brain-processes. 1 
Conclusion
This work explores the analytical potential of fiber enhanced resonance Raman spectroscopy (FERS) for ultrasensitive analysis of biologically important heme chromophores and for future applications in the diagnosis and monitoring of hyperbilirubinemia and hyperbiliverdinemia related diseases by the analysis of minimal amounts of bile pigments. Hematin and hemoglobin were traced down to concentrations of 0.1 µM and 0.25 µM at very low sample demands of 0.9 pmol and 2.25 pmol, respectively. The FERS setup provided an excellent linearity between signal intensity and heme concentration and allowed for robust quantification of hematin and hemoglobin concentrations that were not detectable anymore with conventional Raman measurements. An improved limit of detection of only 1.3 pM hematin could be achieved based on modelling the setup performance with improved optical fibers. In order to demonstrate the abilities of the FERS technique for measuring whole cells, also intact, oxygenated erythrocytes were successfully analyzed in the hollow core optical fibers, demonstrating the great potential for medical diagnosis of red blood cell related diseases, for example different types of anemia and hemolytic disorders.
Considering the small sample volume demand of only few microliters, FERS would perfectly suit the requirements on a minimal invasive procedure for bilirubin concentration level monitoring in neonatal jaundice 11 by using capillary blood samples and for an early diagnosis of the Gilbert 5c and
Crigler-Najjar 5d syndrome. The bile pigments biliverdin and bilirubin were quantified down to LODs of 0.13 µM and 0.5 µM, with proposed improvements down to 1.6 pM and 66 pM. This precise detection of minor elevations of the biliverdin and bilirubin levels in the micro-molar concentration range, can also open up a new prospective for further research regarding cancer and oxidative stress. Recently, efforts have been made for understanding the relationship between heme oxygenase-1 (the enzyme that converts heme to biliverdin) and the brain function. 1 With the discussed prospects for a detection of pico-molar concentration changes, a new analytical method would be available for a better understanding of the role of the bile pigments (especially biliverdin) in processes in the brain.
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In order to demonstrate the potential of FERS as a diagnostic tool, clinical relevant bilirubin and biliverdin concentrations were thoroughly quantified for the case of hyperbilirubinemia due to malignancy, infectious hepatitis, cirrhosis or stenosis of the common bile duct (1 µM biliverdin together with 50 µM bilirubin) 13,14b and for hyperbiliverdinemia (75 µM biliverdin and 25 µM bilirubin). 13 Hence, FERS is a new method being capable to promote a better diagnosis. In summary, FERS is a chemical selective, ultrasensitive technique, with extremely low sample demand and has remarkable potential for a wide range of life-science applications. The analytical benchmark experiments in this contribution provide the foundation for future clinical studies.
